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Atmospheric ions produced by radon gas exhalation from the Earth’s surface can play a vital role in the
electriﬁcation of atmosphere, especially during nights when the gases are trapped in a stable layer close
to the surface. The measurements of concentration of radon and its progeny, air conductivity and
aerosol size distribution made at Pune, India, have been analyzed. The concentrations of radon and its
progeny show maxima during night and early morning hours, between 0500 and 0700 IST when
atmosphere is more stable and mixing is low and start decreasing after sunrise and attain minima
during 1000–1800 h when air is unstable. The diurnal variation of the ionization rate, calculated using
the concentrations of radon and its progeny, follows the variations of concentrations of radon and its
progeny. The ion–aerosol balance equations are solved to study the effect of aerosols on small ion
concentration in the lower atmosphere. It has been found that during daytime when aerosol
concentration is high, 20–30% reduction in small ion concentration can occur due to aerosols. The
small ion concentration estimated using measured air conductivity is compared with small ion
concentration estimated by solving ion–aerosol balance equations and both are found to be in good
agreement with each other.
& 2011 Elsevier Ltd. All rights reserved.1. Introduction
The study of atmospheric ions near the Earth’s surface is the
subject of a large number of scientiﬁc papers. Although extensive
observations and simulations have substantially advanced, the
formation and loss of the ions is not yet fully understood,
(Mohnen, 1977; Perkins and Eisele, 1984; Luts, 1998). It has been
now recognized that atmospheric ions not only play important
role in determining the electrical state of atmosphere but also
can affect the aerosol and cloud properties and ultimately on
climate (Harrison, 2000; Yu and Turco, 2001; Carslaw et al., 2002;
Harrison and Carslaw, 2003). Harrison and Carslaw (2003) have
discussed in detail the inﬂuence of atmospheric charged particles
on aerosols and cloud microphysical processes, and the impor-
tance of ionization rate by considering the variations in global
cloudiness and weather systems. Close to the ground surface, in
continental regions, the radioactive radiation from ground and
galactic cosmic rays are major sources of ionization (Shamos and
Liboff, 1966; Petrov et al., 2009). The rocks and soil in the solid
Earth contain radioactive elements such as uranium, thorium, etc.
in the form of minerals like monazite, their concentrations
varying from region to region. Radiation from radioactive gasesll rights reserved.
x: þ91 80 2321 9295.
Kamsali).exhaled from the ground surface and their daughter’s cause
ionization in the Earth’s atmosphere (Wilkening, 1990). Radon is
one of the relatively longer-lived gases. The principal decay
modes and half-lives of 222Rn and its short-lived progeny in order
are 222Rn-a, 3.82 days; 218Po-a, 3.05 m; 214Pb-b, 26.8 m; 214Bi-b,
19.7 m and 214Po-a, 2104 s. The radiations such as a, b and g
during the decay of radon and its progeny cause ionization, and
hence these are important in the study of atmospheric electricity.
The amount of radon that escapes depends on the amount of
226Ra in the ground, the type of ground cover and porosity,
dampness and temperature of the soil. It is obvious that the
radiation directly from ground will vary greatly depending on the
geographical variations in ground radioactivity. Further, the
ionization due to radioactive gases in the air is even more variable
and depends not only on the amount exhaled from ground but
also on atmospheric dispersion. Direct measurement of ionization
due to radioactive gases in the atmosphere is difﬁcult. Estimation
of ionization rate is therefore based on measurements of radio-
active products in air. The radioactivity of air is controlled by the
local meteorological, geological and dynamical conditions, and
gives a picture of the rate of the accumulation of the escape
from the lower atmosphere of substance released by the soil.
Hence, the concentration of small ions is known to vary with
altitude, latitude, solar activity and several other factors like
atmospheric aerosol concentration, meteorological parameters
and local conditions.
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charged positive ion and free electron) by ionization processes to
form ’cluster ions’ known as small ions. Consequently, large and
intermediate ions are formed by the attachment of small ions to
uncharged aerosol particles. The main characteristic of air ion is
electrical mobility, which is a function of its mass and size. The
mobility of an ion is deﬁned as the velocity acquired by the ion in
a unit electric ﬁeld at a temperature and pressure of 0 1C and
760 mm of Hg, respectively. The mobility of ion depends upon the
ionic properties such as size, mass and charge as well as the
physical properties such as pressure, humidity, etc. of the atmo-
sphere in which it moves and varies in the wide range between
104 m2 V1 s1 for small ions and 107–108 m2 V1 s for large
ions. Since the mobility of small ions is at least four orders of
magnitude more than that of large ions, small ions are considered
as the main contributors to the local electrical conductivity of
atmosphere (Dhanorkar and Kamra, 1997). The concentration of
small ions is one of the most fundamental electrical properties
in atmosphere. Ion concentration, ionic mobility, electrical con-
ductivity, etc. are important parameters for understanding the
electrical nature of atmosphere.
The electrical nature of air in an aerosol-free atmosphere is
mainly due to small ions. In the aerosol-free atmosphere, ion–ion
recombination causes a decrease in small ion concentration.
However, in polluted regions, attachment of small ions to aerosol
particles also plays an important role in the decrease of small ion
concentration. The small ions formed due to radioactivity of the
Earth’s surface are destroyed by recombination of ions of opposite
signs, by combination with uncharged or oppositely charged
aerosol particles. Even small changes in the size distribution
of aerosols due to changes in meteorological conditions or to
changes in the production rate of aerosol particles may largely
affect the electrical state of atmosphere (Dhanorkar and Kamra,
1993). Tammet (1988) has surveyed the studies of small air ions
and their interactions with the air molecules and aerosols in the
surface layer and points out that the application of atmospheric
electricity methods in monitoring the natural environment might
play a central role in future studies. However, in a polluted
atmosphere these ions are soon attached to the aerosol particles
and form the intermediate and large ions. Since the mobility of
small ions is at least four orders of magnitude more than that of
large ions, small ions are considered to be the main contributors
to the local electrical conductivity of atmosphere (Dhanorkar and
Kamra, 1997).
The conductivity of air is related to the concentration of small
ions by the equation, s¼Neb, where s is air conductivity, e is
electronic charge and b is an average mobility of small ions. Small
ions determine not only the conductivity of air but also inﬂuence
other atmospheric electricity parameters like air–earth current,
atmospheric electric ﬁeld and space charge (Ogawa, 1985; Hoppel
et al., 1986; Rycroft et al., 2000).
Thus, the aerosol loading reduces the concentration of ions in
the atmosphere by either converting the highly mobile small ions
into less mobile aerosol ions through ion–aerosol attachment
and/or neutralizing the small ions through the aerosol–ion small
ion recombination. Another process that makes the ion–aerosol
attachment rate faster is the charged aerosol–aerosol recombina-
tion. Several theoretical studies on ion–aerosol interaction for
higher altitudes are available (Datta et al., 1987; Prasad et al.,
1991; Srinivas and Prasad, 1996). Most of the studies have
considered the loss of small ions as solely due to (a) ion–ion
recombination and (b) ion attachment to aerosols. The other two
types of loss of small ions arise from the recombination of
molecular ions with oppositely charged aerosol and charged
aerosol–aerosol recombination, and they further deplete the
small ions. Obviously, addition of these two terms results in morerealistic values (Srinivas et al., 2001). The equilibrium density of
small ions is governed by the equations of continuity for the
production and loss of these ions, where the gain and loss due to
transport are negligible. The attachment of small ions to neutral
aerosols produces charged aerosols referred to as ‘large ions’,
which are less mobile than the smaller molecular ions. The
subsequent recombination of charged aerosols with ions as well
as oppositely charged aerosols would result in the depletion of
small ion concentration more rapidly than in the absence of
aerosols. The production and the loss of these ions is governed by
a set of equations involving different attachment and recombina-
tion processes. These equations are based on the assumption that
there are equal numbers of positive and negative small ions in
atmosphere and aerosols are symmetrically charged. However,
close to the surface of Earth, because of the electrode effect there
exists an imbalance between positive and negative small ions.
Further, the assumption of symmetric charging of aerosols is not
valid in the urban areas where aerosol concentration is high.
Here, we have studied the ion–aerosol recombination processes
in the atmosphere using measurements of radon concentration,
aerosol size distribution, air conductivity and meteorological para-
meters made at a tropical station Pune (18.32N, 73.5E), India. The
aim of this work is to verify the ion–aerosol balance equations. The
general assumption in ion-balance is that numbers of positive and
negative small ions are equal and are charged symmetrically.
However, close to Earth’s surface, because of the electrode layer
effect, there exists an imbalance between positive and negative
small ions, and also the assumption of symmetric charging of
aerosols is not valid where aerosol concentration is high. Here an
effort is made to ﬁnd out under what conditions the ion concentra-
tion derived by ion-balance equation matches/mismatches with
observed ion concentration.2. Experiment and methodology
The measurements of radon concentration, aerosol size dis-
tribution and air conductivity were made at the atmospheric
electricity observatory in the campus of Indian Institute of
Tropical Meteorology, Pune, India, for 6 days during 21–27 April
1998. The observatory is located on the outskirts of the city and
relatively free from air pollution produced by vehicular trafﬁc and
human activities. The details of experimental setup for the
measurement of radon and its progeny to obtain ion production
rate are given in Prasad et al. (2005) and Nagaraja et al. (2009)
and here it is brieﬂy discussed for the continuity of presentation.
Simultaneous measurements of temperature, relative humidity,
pressure and wind speed have been made. Small ion concentra-
tion is estimated from the ion–aerosol balance equations and is
compared with the simultaneously measured experimental con-
ductivity. Also, the percent decrease of small ion concentration in
the presence of aerosols is estimated.
2.1. Radon concentration in air:
Concentration of radon in air is measured using the low level
radon detection system (Nagaraja et al., 2003a). The procedure
brieﬂy consists of sampling the air in a collection chamber and
exposing a circular metallic disk to the radon inside the collection
chamber. A delay of at least 10 min is normally allowed for any
thoron that may be present in the chamber to decay completely.
The positively charged polonium atoms created in the chamber
get collected on the metallic plate maintained at an optimum
negative potential, which should be sufﬁcient to force all the
polonium atoms onto the plate. The collection is carried out for an
optimized period and thereafter the charged plate is removed
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radon (in Bq m3) is estimated (Nagaraja et al., 2003b).
2.2. Radon progeny concentration in air
The radon concentration in air is measured using an air ﬂow
meter. Air is drawn through a glass ﬁber ﬁlter paper by means of a
suction pump at a known ﬂow rate. The radon progeny in air
sample is retained on the ﬁlter paper. The ﬁlter paper is then
alpha-counted at any speciﬁc delay time. Activities (in Bq m3) of
progenies, i.e. polonium (RaA), lead (RaB) and bismuth (RaC’), are
calculated (Nagaraja et al., 2003b).
2.3. Ion-pair production rate
The ion-pair production rate (ion pair cm3 s1) due to radon
and its progeny is calculated using the expression
q¼ 5:49CRnþ6:00CRaAþ0:85CRaBþ7:69CRaC0
32
ð1Þ
where CRn is the concentration (Bq m
3) of radon. CRaA, CRaB and
CRaC’ are the concentrations (Bq m
3) of radon progenies.
Here, energy released by the decay of radon and its progenies
are in MeV and the energy required to produce one ion pair is
32 eV.
2.4. Aerosol concentration
The aerosol measurements are made with a TSI 3030 Electrical
Aerosol Analyzer (EAA). The EAA is capable of performing rapid
in situ size distributions on aerosols from 0.013 to 1 mm diameter.
The instrument is based on the diffusion charging mobility
analysis principle. The instrument samples ambient air at the
rate of 50 lpm (litres per minute), of which 4 lpm is needed for the
aerosol sampling measurements; the remainder is clean air
needed by the mobility analyzer (45 lpm) and the diffusion
charger (1 lpm). Samples are ﬁrst exposed to a Kr85 radioactive
neutralizer and then passed through a mobility analyzer that
contains concentric cylindrical electrodes and a central collector
rod. A brief description of EAA is given in Liu and Pui (1975). A
computer is interfaced with an analyzer to measure the size
distribution.
2.5. Air conductivity
Both polarities of conductivity (sþ and s) are measured with
a Gerdien apparatus placed at 1 m height. The design and working
of the instrument is described in detail by Dhanorkar and Kamra
(1992). It consists of two identical cylindrical condensers con-
nected with a U-shaped tube. The air is drawn through the
condensers with a common fan ﬁxed in the U-shaped tube. The
sensor rods inside the cylinders are insulated from the outer
cylinder by Teﬂon bushes. The critical mobility of the apparatus is
adjusted at 3.6104 m2 V1 s1. The critical mobility is deﬁned
as the mobility for which all the ions of equal or greater than this
mobility are collected by the sensor. The signals from both the
condensers are ampliﬁed with an electrometer, AD-311K. AD-
311K is a varactor bridge operational ampliﬁer with very low-bias
current of the order of 1014 A, low voltage drift 10 mV/1C and
very high input impedance of the order of 1014 O.3. Ion-aerosol balance equation
The ion concentration in the atmosphere is one of the impor-
tant parameters for understanding the electrical nature of theEarth’s atmosphere. This parameter is sensitive to the presence of
aerosols. Thus, the aerosol loading has a bearing on the concen-
tration of the atmosphere. The aerosols reduce the ion concentra-
tion by (i) converting the highly mobile small ions to less mobile
aerosol ions through ion–aerosol attachment and (ii) neutralizing
the small ions through the aerosol–ion–small ion recombination.
Another process that makes the ion–aerosol attachment rate
faster is the charged aerosol–aerosol recombination. We take into
consideration ion–aerosol interactions to validate computed and
the experimental values of small ion concentration.
The scheme involves primary ion-pair production rate due to
surface radioactivity and cosmic rays, the small ion densities
(N7) and the aerosol number density. For the model prediction of
equilibrium ion density, it is necessary to use all the four loss
processes of ions involved. The various recombination coefﬁcients
that enter into the model are(a) ai due to the loss of oppositely charged small ions
(b) aa due to oppositely charged aerosol ions
(c) as is between small ions and aerosol ions
(d) b due to attachment of small ions of similar polarities with
aerosols.The temperature, pressure, relative humidity, ionization rate
and aerosol number density along with the different attachment/
recombination coefﬁcients are used to estimate the small ion
concentration. However, the estimation does not make any
distinction between positive and negative ion concentrations. In
the present study, the detailed reaction paths for the formation of
individual cluster ions are not considered. The total number
densities of positive and negative ions are assumed to be equal
from the charge neutrality criterion. The equilibrium ion densities
are computed from the equations of continuity, where the effect
of transport is neglected. These equations include the afore-
mentioned four types of loss processes. The attachment coefﬁ-
cients, b for positive and negative ions with neutral aerosols and
recombination coefﬁcient a for positive and negative ions with
oppositely charged aerosols, are assumed to be equal. The
equations of continuity (i) for small ions in the absence of
aerosols and in the presence of aerosols and (ii) the charged
aerosols are given by
dN0
dt
¼ qaiN20 ð2Þ
dN7
dt
¼ qaiN27bZN7asA7N8 ð3Þ
dA7
dt
¼ bZN7asA7N8aaA27 ð4Þ
where q is the ion production rate due to radioactivity and cosmic
rays; N0 is positive/negative ion density in the absence of aero-
sols; N7 and N8 are positive/negative ion densities in the pre-
sence of aerosols; A7 is positively/negatively charged aerosol
density; Z is neutral aerosol number density; b is the aerosol–ion
attachment coefﬁcient; ai is the ion–ion recombination coefﬁ-
cient; as is the charged aerosol–ion recombination coefﬁcient and
aa is the charged aerosol–aerosol recombination coefﬁcient.
Under steady state conditions Eqs.(2), (3) and (4) reduce,
respectively, to
qaiN20 ¼ 0) N0 ¼
q
ai
 1=2
ð5Þ
qaiN27bZN7asA7N8 ¼ 0 ð6Þ
bZN7asA7N8aaA27 ¼ 0 ð7Þ
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ðaaN0þbZÞ7 ðaaN0þbZÞ2ðaaaiÞðqþaaN20Þ
ðaaaiÞ
ð8Þ
Solving Eqs. (6) and (7) simultaneously, one can get
bZ ¼ qaiN
2
7 þaaA27
2N7
 !
ð9Þ
as ¼
qaiN27 þaaA27
2A7N8
 !
ð10Þ
The ion depletion DN, i.e. loss of molecular ions in the presence
of aerosols, is given by DN¼N0N7 . Further, this ion depletion is
equal to the charged aerosol concentration, A7 . Hence, the
fractional depletion, Z of small ions is used and computed as
follows:
Z¼ DN
N0
 
¼ A7
N0
 
ð11Þ
Using Eqs. (11) and (5), we can write Eqs.(9) and (10),
respectively, as
bZ ¼ N0Z½aið2ZÞþaaZ
2ð1ZÞ
 
ð12Þ
as ¼
aið2ZÞaaZ
2ð1ZÞ
 
ð13Þ
Estimation of small ion concentration of the atmosphere requires
knowledge of recombination coefﬁcients ai, aa and as. The value of
ai is estimated from the parametric formula of Smith and Adams
(1982) using neutral density of Cole and Kantor (1978). From
theoretical considerations, Hoppel (1985) has shown that, for singly
charged aerosols, the relative magnitudes of aa and as are such that
aarasrai. Initially, with a suitable assumed value of aa the value of
Z is computed from Eq. (11); then the value of as is computed using
Eq. (13). It is noted that, in this step, as becomes negative if the
assumed value of aa is unrealistically large. In the present computa-
tions aa ¼ 1013m3 s1 is found to be suitable. In the presence of
aerosols and depending on the magnitude of ai, as and bZ, the
realistic values of DN are obtained that lie between zero and N0 and
satisfy the condition 0oN7oN0. The values of bZ and as are
obtained by solving Eqs. (9) and (12) simultaneously for bZ and
Eqs. (10) and (13) for as through an iterative procedure until the
difference between the values gets minimized. These values are
substituted in Eq. (8) to obtain N7 . By knowing the experimental
values of q, Z, T, P and different attachment and recombination
coefﬁcients computed from the ion–aerosol balance equations, it is
possible to estimate the values of N0 and N7 .4. Results and discussion
The variations of activity of radon and its progeny near the
Earth’s surface obtained on April 21, 1998 are shown in Fig. 1(a).
As shown in this ﬁgure, concentrations of radon and its progeny
are high during nighttime compared to daytime. The concentra-
tions start increasing during night and attain maximum in early
morning hours, between 0500 and 0700 IST, when atmosphere is
the most stable and mixing is low. The concentration decreases
after sunrise and remains almost steady during 1000–1800 h,
when air is unstable. The radioactive emanations from the ground
are trapped below inversions, and their accumulation causes an
increase in ionization in the lower stable atmosphere during
nighttime (Hoppel et al., 1986). An experimental observation of
Porstendorfer et al. (1991) conﬁrms such accumulation of radon
and its short-lived decay products close to the Earth’s surfaceduring nighttime. The radon concentration varies over a magni-
tude of 11 from its maximum to minimum with a median of
6.8 Bq m3, showing a signiﬁcant diurnal variation, whereas
progeny has a magnitude of 13 with a median of 2.0 Bq m3.
The variations of temperature and relative humidity for the same
day are shown in Fig. 1(b). The variations in radon and its progeny
show inverse relation with temperature, which also support the
idea that stability of atmosphere plays an important role in these
concentrations. Increase in temperature causes increased vertical
mixing, which leads to turbulence and raise of radioactive aero-
sols to the higher altitudes and subsequent reduction in concen-
tration of radon at the ground level. The radon gas exhaled from
the Earth’s surface decays to its progenies and most of them are
positively charged. These ions attach to aerosol particles and lead
to reduction in progeny concentration near the surface by the
onset of convection after sunrise (Raghavayya, 1998; Nagaraja
et al., 2003b). Measurements of air conductivity and space charge
at this place by Pawar and Kamra (2000) and Kulkarni et al.
(2010) also show high values during night compared to day. They
have attributed such high value of space charge density and
conductivity to the increased radioactive gas concentration near
the Earth surface due to stable atmosphere during that time.
Using the values of radon and its progeny and other meteorolo-
gical parameters, the values of small ion production rate q is
estimated using Eq. (1). The diurnal variation of q also is plotted in
Fig. 1(a). Near the surface of Earth, the ionization due to radio-
active gases and their progenies is predominantly due to the
alpha particles. The radon exhaled from the surface causes
ionization of atmosphere (Israel, 1970) that exhibits the diurnal
variation as that of concentration of radon and its progeny with a
maximum in the early morning hours and a minimum in the
afternoon as depicted in Fig. 1(a). The ion-pair production rate
varies from 0.7 to 9.3 ion pair cm3 s1 with a mean of 2.5 ion-
pairs cm3 s1. It shows a variability of 13 times the magnitude
from its maximum to minimum. Accumulation of radioactive
emanations will increase through night until morning, hence
leading to the enhancement of ionization in atmosphere. Fig. 2.
The diurnal variation of concentration of aerosols in the size
range of 13–750 nm diameter observed on 21 April 1998 is shown
in Fig. 3. The concentration attains minimum during the early
morning around 0600 h IST and an increasing trend towards
noon-hours. The size distributions are generally bimodal with
their maxima at 75 and 23 nm during night. In the early morning
hours there is a slight shift in maxima in the accumulation mode
towards the higher size. During daytime, particularly in the
afternoon, the shift in maxima in the accumulation mode to a
higher diameter of 133 nm is distinct and the maxima in the
Fig. 2. Diurnal variation of concentrations of aerosols of different radii measured
on 21 April 1998.
Fig. 3. Diurnal variation of small ion concentration estimated from ion–aerosol
balance equations. Thick line is the mean values obtained for the period 21–27
April 1998, and thin lines refer to the variations on individual days.
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distribution curves during daytime are mostly open ended at
the small particle side due to the increase in the concentration of
small particles (Murugavel and Kamra, 1999).
The diurnal variation of estimated small ion concentration is
shown in Fig. 3 for a period of 1 week along with its mean values.
Relatively a large day-to-day difference in the concentrations of
ions that may arise from the difference in the accumulations of
radioactive emanations and aerosol particles due to varying
degrees of the lower atmospheric stability and/or due to varying
intensities of advection. It is observed that the concentration
shows maxima in the early morning around 0600 h IST, decreases
after sunrise and attains minimum in the afternoon. Radioactive
emanations from ground are trapped below inversions, and their
accumulations cause an increase in ionization and consequently
increase in concentration in the lower atmosphere during night-
time (Hoppel et al., 1986). Under unstable conditions during
daytime, the radioactive gas gets dispersed to higher altitudes
and hence ionization rates close to the Earth’s surface reduce.
Dispersion of radioactive aerosols to higher altitudes leads to
decrease in their concentration near the Earth’s surface and hence
reduction in ionization from the decay of radon progenies. During
the low wind and temperature inversion conditions at nighttime,the radioactive gases accumulate close to the Earth’s surface and
thus cause higher ionization rates. The increase in ionization rate
is mainly because of radon and its progeny in atmosphere. Radon,
being a gas, accumulates more near the surface during nighttime
and in the early morning hours due to less turbulence. As the day
advances the temperature increases and hence the turbulence
increases, thereby reducing ionization in the afternoon (Nagaraja
et al., 2006). The concentration varies between 436 and
1663 ion cm3 with a mean of 734 ion cm3.
During nighttime, the atmosphere is relatively calm with low
winds and little convective motion and hence the radon exhaled
from the soil accumulates near the ground leads to increased
ionization, and an increase in the ion concentration. After sunrise,
due to onset of convection resulting from the increase in atmo-
spheric temperature and increased anthropogenic activity, aerosols
are pushed into atmosphere. This causes conversion of small ions
into large ions through attachment, and may increase the destruc-
tion of small ions through recombination with large ions of opposite
polarity. The onset of convection also removes radon from near the
ground to higher altitude regions. These factors contribute to the
observed reduction in small ion concentration in afternoon (Petrov
et al., 1999). In the evening, with decreasing ground temperatures
and also the anthropogenic activity, the aerosols that had been
pushed to higher altitudes begin to settle down, and a greater
fraction of small ions is lost through attachment and leads to the
enhancement of concentration after sunset. Finally, at nightfall, the
aerosols settle down, and the concentration recovers its normal
nighttime high values (Dhanorkar and Kamra, 1999).
Since the major contribution to ionization at the surface comes
from surface radioactivity and radon emanating from the soil, one
would expect the diurnal variation pattern of small ion concentra-
tion to reﬂect that of the radon concentration near the surface.
Radon and its short-lived daughters are understood to show a
diurnal variation in concentration with a maximum early in the
morning and a minimum in afternoon (Nagaraja et al., 2003a). This
is ascribed to the variations in the vertical mixing of air near the
surface, which is controlled by atmospheric stability. As convection
builds up with solar heating of the ground the radioactive gases are
also transported upward, where they add to the ambient ionization.
This leads to a reduction in the concentration of these gases, and
consequently of ionization, near the surface (Nagaraja et al., 2003b).
Therefore one should expect higher ion concentration during the
period of atmospheric stability, with the values decreasing with the
onset of turbulence. The ﬂuctuations in Fig. (3) are due to the similar
variations in q, which in turn is affected by the variations in
meteorological parameters such as temperature, relative humidity,
wind speed, etc. The study has reproduced well this trend of the
diurnal variation in small ion concentration.
The estimated small ion concentration shows a positive
correlation with ionization rate due to surface radioactivity near
the Earth’s surface. There is a correlation of 98.4% and suggests
that the theoretical approach is best ﬁtted and the correlation
obtained indicates the correctness of ion–aerosol interaction
considerations. It is to be noted that this is the ﬁrst of its kind
for the estimation of small ion concentration of the atmosphere
near the surface of the Earth.
Measurements by Cobb and Wells (1970), Misaki and Takeuti
(1970) and Deshpande and Kamra (1995) have shown the effect
of aerosols on conductivity and hence on small ion concentration
over marine environment. Jonassen and Wilkening (1965),
Wilkening (1985), Israelsson et al. (1994) and Dhanorkar and
Kamra (1997) have established a similar inﬂuence over continents
from the measurement of conductivity. Here, we show the effect
of aerosols on concentration of ion from estimation of ion using
the ion-balance equation. Fig. 5 presents the concentration
of ions derived from the measured conductivity values. Using
Fig. 5. (a) Diurnal variation of small ion concentration obtained from ion balance
equations and concentrations derived from in situ measurements of atmospheric
conductivity and (b) scattered diagram of small ion concentration estimated from
ion balance equation and that derived from the experimental measurements of air
conductivity for 21st April 1998. The bars are the standard deviation.
N. Kamsali et al. / Journal of Atmospheric and Solar-Terrestrial Physics 73 (2011) 2345–23512350conductivity value measured from Gerdien’s condenser, the ion
concentration is derived by considering mobility of small ions as
1104 m2 V1 s1 (Dhanorkar and Kamra, 1994; Pawar et al.,
2005; Harrison and Aplin, 2007).
Fig. 4 shows the estimated concentration of ions in the absence
and in the presence of aerosols using Eqs. (5) and (8), respectively.
There is a fair agreement between theoretically estimated small ion
concentration and experimentally derived values during day time.
However, there is a considerable difference between these two during
early morning hours. This difference is due to the large variability in
measured conductivity. Also shown in Fig. 4 is calculated percentage
decrease in small ion concentration due to the presence of aerosols.
The decrease is more during noontime, when the aerosol concentra-
tion is high and less in the early morning, when aerosol concentra-
tions are minimum. The maximum reduction in the estimated small
ion concentration observed at around 2000 h coincides with the
observed maximum concentration in aerosols. It is also seen that the
existence of aerosols reduces the concentration and the percent
reduction of small ion concentration is found to be minimum during
early morning hours and starts increasing after sunrise and remains
more or less the same in afternoon till sunset and reduces afterwards.
This clearly shows that aerosols inﬂuence the small ion concentration
and hence the electrical structure of atmosphere.
This conclusion is further strengthened when the diurnal varia-
tion of small ion concentration deduced from ion balance equations
is compared with the ion concentrations calculated using measured
atmospheric conductivity (Fig. 5(a)). The conductivity values mea-
sured on April 21, 1998 were averaged for 2 h and ions concentra-
tions are calculated. The vertical lines in the ﬁgure are the standard
deviation. For concentrations calculated from aerosol observations,
the error bar is the standard deviation of 2 h averaged aerosol
concentration. Though there is no one-to-one match between these,
the concentration obtained from these methods, the diurnal varia-
tions show the trends agree with each other. Though the variations
in concentration obtained by these two methods are in phase there
is considerable difference in magnitudes, especially, in early morn-
ing hours. Pawar and Kamra (2000) have observed large gradient in
space charge density during nighttime due to strong electrode effect
at this location. The large deviation of ion concentrations observed
in early morning hours in Fig. 5(a) may be due to imbalance of polar
ions during nighttime. The small differences in concentrations
obtained by these two methods during daytime can be attributed
to the increased aerosol concentration during that time. It is clear
from the above discussion that ion–aerosol balance equations can be
considered as a good estimate to explain the interactions between
ions and aerosol. However, this estimate has to be taken judiciouslyFig. 4. Diurnal variation of small ion concentration in the presence and the
absence of aerosols estimated from the ion–aerosol balance equations for April
21, 1998.for places with high aerosol concentrations and hence strong
electrode effect.
The ionization rate is a good measure of small ion concentra-
tion. Small ion concentration has positive liner regression of 98%
with ion production rate obtained from radon and its progeny
measurements near the Earth’s surface. The estimated ion con-
centration from ion–aerosol balance equation matches well with
the small ion concentration derived from the experimental values
of electrical conductivity measured from the Gerdien setup. At
Pune, India, except for 2–4 h duration around the time of sunrise,
the trend matches well with each other. Our estimate also shows
that except for early morning hours, the concentrations obtained
by these two methods matches fairly well.
Fig. 5(b) shows the scattered plot of small ion concentration
estimated from ion balance equation and that derived from the
experimental measurements of air conductivity with errors bars for
21st April, 1998. The variations are within error limits except for a
few points. The deviation may be due to large change in aerosol
concentration. The variation shows linear dependence and has the
relation Y¼0.35Xþ293.6. As seen from this plot, fair correlation
exists between the concentrations obtained by these two methods.
A good positive correlation of 73% between measured and estimated
concentration of small ion suggests that the variations of ion
concentration by both these methods are in good agreement.5. Summary
The simultaneous measurements of the concentration of radon
and its progeny, aerosols, ionization rate made at a height of 1 m
N. Kamsali et al. / Journal of Atmospheric and Solar-Terrestrial Physics 73 (2011) 2345–2351 2351above the surface of the Earth at Pune, India, show deﬁnite, regular
and pronounced diurnal variations, which can be explained in
terms of the accumulation of radioactive gases, aerosols, etc. near
the surface of the Earth. The small ions concentration of the
atmosphere is mainly due to the radioactive substances in the
Earth’s crust and their emanation near the surface. Concentration
of small ion estimated from the ion–aerosol balance equations is
compared with the conductivity measured. The concentration is
altered because of the existence of aerosols in atmosphere. In
addition, the percent decrease of small ion concentration in the
presence of aerosols is also estimated and found to be a maximum
(33%) during daytime and minimum (4%) during early morning
hours, when aerosol concentration is also minimum.
The estimated small ion concentration from ion-balance equa-
tion shows a positive correlation of 98.4% with ionization rate due
to surface radioactivity near the Earth’s surface, which suggests
that the theoretical approach described is best ﬁtted to estimate
concentration. Further, a good correlation of 87.3% is observed
between small ion concentration estimated from measured
conductivity and derived from ion-balance equations. This shows
that the ion–aerosol balance equations may be considered good
enough to explain the production and loss processes of ions in
atmosphere. However, proper care should be taken before apply-
ing these to places where aerosol concentrations are high and the
resultant imbalance of polar ions causes electrode effect.Acknowledgments
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